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Abstract 

The  characteristics  and  reaction  mechanisms  of  the  passivating  film  formed  on  the  surface  of  graphite  were  investigated  in  ethylene 
carbonate-diethyl  carbonate  solutions  containing  LiC104,  LiPF6  and  LiN(S02CF3)2.  The  electron  consumption  resulting  on  the  irreversible 
capacity  of  graphite  was  almost  equivalent  to  that  used  in  the  one-electron  reduction  of  Li+  found  in  the  film.  The  electrochemical  reactions 
in  the  first  discharge  process  may  be  divided  into  the  following  steps:  (i)  ‘initial  film  formation  step’  from  1.4  to  0.55  V;  (ii)  ‘main  film 
formation  step’  from  0.55  to  0.2  V,  and  (iii)  ‘lithium  intercalation  step  from  0.2  to  0.0  V.  Most  of  the  passivating  film  is  formed  together 
with  the  lithium  intercalation  reaction  at  step  (ii) .  The  passivating  film  formed  at  this  step  contained  a  significant  amount  of  organic  film  such 
as  Et0C02Li,  (CH20C02Li)2,  etc.  Through  the  consecutive  formation  of  passivating  film  at  steps  (i)  and  (ii),  lithium  intercalation  into 
graphite  proceeds  smoothly  without  further  decomposition  of  the  organic  electrolyte.  ©  1997  Published  by  Elsevier  Science  S.A. 
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1.  Introduction 

The  lithium-ion  rechargeable  battery  has  many  intrinsic 
advantages  such  as  high  voltage  and  high  energy  density.  The 
selection  of  organic  electrolytes  is  one  of  the  key  issues  in 
attaining  high  energy  density  and  long  cycle  life  as  well  as 
safety  of  battery.  Concerning  bulk  properties  of  organic  elec¬ 
trolytes  for  lithium  batteries,  we  have  reported  approaches 
to  design  a  suitable  electrolyte  system  from  the  view  point 
of  solution  chemistry  [1,2].  Combinations  of  ethylene  car¬ 
bonate  (EC)  with  lower  viscosity  solvents  such  as  diethyl 
carbonate  (DEC)  and  dimethyl  carbonate  (DMC)  are  com¬ 
monly  used  for  lithium-ion  rechargeable  batteries.  In  estab¬ 
lishing  the  total  performance  of  the  lithium-ion  battery, 
electrochemical  stability  and  chemical  stability  including 
thermal  stability  of  organic  electrolytes  are  also  very  impor¬ 
tant  parameters.  This  report  focuses  on  the  electrochemical 
stability  of  alkyl  carbonate-based  electrolytes  and  the  char¬ 
acterization  of  the  passivating  layer  formed  on  graphite. 

The  formation  of  a  passivating  film  (SEI)  on  the  surface 
of  the  carbon  anode  at  the  first  charge  is  an  important  process 
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in  the  lithium-ion  system  to  allow  lithium  intercalation  to 
proceed  smoothly  without  further  decomposition  of  the 
organic  electrolyte.  The  surface  chemistry  of  lithium  inter¬ 
calation  in  various  carbon  anodes  has  been  studied  by  many 
researchers  [3-8].  For  example,  Aurbach  and  co-workers 
[3,9,10]  have  studied  the  electrochemical  intercalation  of 
lithium  into  carbon  anodes  in  various  combinations  of  sol¬ 
vents,  salts  and  additives  on  the  basis  of  their  research  on 
surface  chemistry  between  lithium  metal  and  various  electro¬ 
lytes  [11-14].  They  concluded,  using  Fourier-transform 
infrared  spectroscopy  (FT-IR),  that  the  passivating  layers 
obtained  in  EC-DEC  solutions  containing  LiAsF6  and 
LiC104  were  made  of  (CH20C02Li)2  as  a  reduction  product 
of  EC  and  Li2C03.  The  existence  of  ROC02Li  was  also 
supported  in  the  EC-DEC  solution  containing  LiPF6  as  a  salt. 
However,  only  qualitative  analyses  of  the  properties  of  the 
film  have  been  reported  in  previous  papers. 

In  this  paper,  quantitative  analysis  was  examined  for  the 
characterization  of  passivating  films  formed  on  the  graphite 
anode  in  EC-DEC  solutions  containing  LiC104,  LiPF6  and 
LiN ( S02CF3)  2.  The  analytical  methods  used  in  this  work  are 
elemental  analysis,  temperature  programmed  decomposition 
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mass  spectroscopy  ( TPD-MS ) ,  Auger  electron  spectroscopy 
(AES),  scanning  electron  microscopy  (SEM),  in  situ  X-ray 
diffraction  (in  situ  XRD)  and  Fourier-transform  infrared 
spectroscopy  (FT-IR). 


2.  Experimental 

In  a  lithium  /graphite  cell,  the  anode  was  lithium  metal 
(Honjo  Chemical)  and  the  cathode  was  synthetic  graphite 
(Timcal  G&T,  KS-44).  The  carbon  electrode  was  prepared 
by  coating  the  slurry  of  graphite  powder  and  binder  on  a 
copper  sheet  by  the  doctor  blade  method.  Graphite  electrodes 
were  tested  in  a  parallel  plate  cell  or  coin  cell.  EC,  DEC  and 
DMC  were  used  as  received  (Mitsubishi  Chemical,  battery 
grade).  LiC104  and  LiPF6  were  purchased  from  Tomiyama 
(battery  grade)  and  used  as  received.  LiN(S02CF3)2  (lith¬ 
ium  bis-trifluoromethanesulfonylimide,  LiTSNI)  was  pur¬ 
chased  from  3  M  and  dried  in  a  vacuum  oven.  The  water  and 
HF  levels  in  the  mixed  electrolytes  were  measured  by  a  mois¬ 
ture  meter  (Mitsubishi  Chemical)  and  the  alkali  titration 
method,  respectively.  Typically,  the  water  content  in  1  M 
LiC104  or  1  M  LiN(S02CF3)2/EC-DEC  (1:1  by  volume) 
was  less  than  10  ppm.  1  M  LiPF6/EC-DEC  (1:1)  solution 
contained  less  than  10  ppm  of  water  and  less  than  40  ppm  of 
HF. 

Lithium  intercalation  was  performed  in  a  two-electrode 
cell  with  a  lithium  foil  as  both  the  counter  and  the  reference 


electrodes.  After  the  first  discharge /charge  operation,  the 
carbon  electrode  was  washed  using  dried  DMC  solvent  in  an 
argon  glove  box  and  placed  into  the  SEM  and  AES  chamber 
by  using  a  transfer  vessel  after  drying  the  sample.  For  the  FT- 
IR  measurement,  very  small  pieces  of  the  passivating  film 
component  were  carefully  collected  by  scratching  the  washed 
and  dried  graphite  surface.  The  pellet  was  prepared  by  mixing 
the  collected  sample  with  high  quality  KBr  in  an  argon  glove 
box.  The  measurement  was  done  under  a  HzO-  and  C02-free 
atmosphere.  The  washed  carbon  electrode  was  soaked  in 
water  to  completely  dissolve  the  formed  film  on  the  graphite. 
This  aqueous  solution  was  used  for  the  analysis  of  total  lith¬ 
ium,  fluorine  and  C02  (defined  as  inorganic  carbon)  content 
in  the  graphite  after  the  first  cycle.  The  content  of  total  carbon 
(Qotai)  in  the  film  was  analysed  as  C02  by  the  complete 
oxidation  of  this  aqueous  solution.  TPD-MS  was  carried  out 
using  the  washed  graphite  electrode  to  analyse  the  composi¬ 
tion  of  H20,  C02  and  hydrocarbon  products  in  the  film. 


3.  Results  and  discussions 

Fig.  1  shows  the  relationship  between  the  potential  change 
and  the  XRD  pattern  of  the  graphite  electrode  during  the  first 
discharge  by  a  real  time  in  situ  XRD  method  [  1 5  ] .  No  lithium 
intercalation  was  observed  until  0.55  V  although  reduction 
current  was  observed  at  the  threshold  potential  of  about  1 .4 
V  versus  Li  /  Li + .  The  formation  of  the  dilute  stage  1  appeared 


(a)  OCV  -►  0.0V  (b)  OCV  -►  0.3V 
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Fig.  1.  Relationship  between  the  potential  and  the  XRD  pattern  change  of  graphite  during  the  first  discharge  in  the  1  M  LiC104/EC-DEC  system.  The  numbers 
in  this  figure  indicate  the  various  intercalation  stage  of  graphite. 
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Fig.  2.  Discharge  curve  during  cycles  in  a  coin-cell:  electrolyte:  1  MLiC104/ 
EC-DEC  (2:8),  discharge  to  0.0  V  at  0.2  mA/cm2,  charge  to  1.5  V  at 
0.4  mA/cm2. 


at  0.55  V  and  the  higher  stages  of  lithium  intercalation  were 
observed  from  0.55  to  ~  0.2  V.  During  the  charge/discharge 
cycle  in  LiCI04/EC-DEC,  the  potential  curves  after  the  sec¬ 
ond  cycle  were  similar  as  shown  in  Fig.  2.  Most  of  the  irre¬ 
versible  capacity  can  be  considered  to  be  generated  during 
the  first  cycle. 

A  reasonable  explanation  for  these  observations  could  be 
as  follows:  (i)  the  film  formation  reaction  mainly  occurs  at 
the  first  discharge  step,  and  (ii)  the  discharging  process  can 
be  divided  to  the  following  three  steps  from  the  consideration 
of  potential  curve  patterns  and  in  situ  XRD  patterns:  ‘initial 
film  formation  step’  ( 1.4  to  0.55  V) ;  ‘main  film  formation 
step’  (0.55  to  0.2  V),  and  ‘lithium  intercalation  step  (0.2  to 
0.0  V) .  The  competitive  reactions  between  film  formation 
and  lithium  intercalation  may  occur  at  the  main  film  forma¬ 
tion  step. 

In  order  to  characterize  the  passivating  film  formed  during 
the  three  steps  mentioned  above,  more  quantitative  analyses 
were  examined  as  well  as  qualitative  analyses  by  FT-IR, 
TPD-MS  and  AES.  Fig.  3  presents  the  typical  discharge/ 
charge  voltage  profiles  in  the  EC-DEC  (1:1  by  volume) 
electrolyte  system  containing  1 .0  M  of  LiC104,  LiPF6  and 
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Fig.  3.  First  discharge/charge  curves  in  various  electrolytes:  electrolyte: 
1  M  Li-salt/EC— DEC  (1:1)  discharge,  to  0.0  V  at  0.2  mA/cm2,  charge  to 
1.5  V  at0.4inA/cm2. 


Table  1 

Capacities  in  the  first  cycle  and  chemical  composition  of  film  formed  after 
the  first  cycle 


Salt 

LLPFf, 

LiC104 

LiTFSI 

Capacity  (mAh/g) 

Discharge 

303 

358 

314 

Charge 

268 

320 

272 

Irreversible 

35 

38 

42 

Content  in  the  film 

Li  {(imol) 

246 

262 

279 

F  (p,mol) 

34 

3 

Carbon  analysis  in  the  film 

C,0,„  ( p-mol ) 

330 

640 

606 

^inorganic  ( fAITlOl ) 

85 

221 

190 

C^ganic  (jXmol) 

245 

419 

416 

Molar  ratio  vs.  Li 

F/Li  ( mol/mol) 

0.14 

0.0 

0.0 

Cinorg / Li  (mol /mol) 

0.35 

0.84 

0.68 

Cotg/Li  (mol/mol) 

1.00 

1.60 

1.49 

LiTFSI.  The  effects  of  various  lithium  salts  on  discharge/ 
charge  capacities  and  irreversible  capacity  of  graphite  were 
observed  as  shown  in  Table  l .  The  orders  of  charge  capacity 
in  the  first  cycle  were  LiC104  >  LiPF6  =  LiTFSI.  Fig.  4  shows 
SEM  photographs  of  the  surface  of  the  graphite  electrode 
which  was  discharged  to  0.0  V  and  then  charged  up  to  1.5  V 
in  the  first  cycle  for  these  electrolyte  systems.  The  graphite 
particles  were  covered  with  a  passivating  film  not  only  at  the 
edge  plane  but  also  at  the  basal  plane  of  graphite.  Typical 
morphologies  of  the  films  formed  in  the  three  electrolyte 
systems  are  rather  similar  (Fig.  4(a),  (c)  and  (e)).  How¬ 
ever,  it  must  be  noted  that  the  dissimilar  morphologies  were 
often  observed  at  different  sites  on  the  same  sample  or  in 
different  examinations.  The  porous  type  of  passivating  layer 
was  observed  in  the  case  of  LiC104  and  LiTFSI/EC-DEC 
systems  (Fig.  4(d)  and  4(f)).  In  the  case  of  LiPF6/EC- 
DEC,  the  film  morphology  consisted  of  globules  of  various 
sizes  (Fig.  4(b)).  The  morphology  in  the  different  electro¬ 
lytes  resembles  that  resulting  from  lithium  metal  deposition 
[16]. 

Quantitative  analysis  was  achieved  by  using  the  film  sam¬ 
ples  obtained  from  the  experiments  as  shown  in  Fig.  3.  The 
lithium  and  fluorine  contents  in  the  films  formed  on  the  graph¬ 
ite  electrodes  after  the  first  charge  to  1.5  V  are  shown  in 
Table  1.  Results  of  carbon  analysis  of  the  aqueous  solution 
into  which  the  film  component  was  dissolved  are  also  shown 
in  Table  1.  The  electron  consumption  used  for  irreversible 
capacities  shown  in  Table  1  were  almost  equivalent  to  those 
used  for  the  reduction  of  Li +  found  in  the  graphite  for  the 
three-electrolyte  systems,  respectively .  These  results  strongly 
indicate  that  the  electrons  consumed  during  the  discharge 
process  are  mostly  used  for  one-electron  reduction  of  Li+  to 
form  a  passivating  film.  The  ratio  of  inorganic  carbon  ( Cjnorg) 
and  organic  carbon  ( Corg)  versus  lithium  atom  are  also  shown 
in  Table  1 .  Corg  was  calculated  from  the  difference  between 
Ctoal  and  Cinorg.  On  the  other  hand,  the  lithium  content  in  the 
electrodes  was  only  20-30  pmol  in  the  samples  which  were 
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Fig.  4.  SEM  graphs  obtained  after  the  first  cycle  in  (a,  b)  LiPF6,  (c,  d)  LiC104,  (e,  f)  LiTFSI  and  (g)  graphite  before  the  first  cycle;  electrolyte:  1  M  Li  salt/ 
EC-DEC  (1:1),  discharge  to  0.0  V  at  0.2  mA/cm2,  charge  to  1.5  V  at  0.4  mA/cm2,  (a),  (c),  (e),  (g);  X  10000,  and  (b),  (d),  (f):  X 30000. 


discharged  to  0.55  V  then  charged  to  1 .5  V  in  the  electrolyte 
systems.  These  results  indicate  that  a  significant  amount  of 
alkyl  carbonate  reduction  products  exist  in  the  passivating 
films  which  were  formed  at  the  ‘main  film  forming  step’ 
mentioned  above.  A  fairly  large  amount  of  LiF  was  found  in 
the  case  of  the  LiPF6  system  and  a  small  amount  of  LiF  in 
the  LiTFSI  system. 

In  order  to  characterize  the  film  composition  in  more  detail, 
TPD-MS  of  the  graphite  anodes  after  the  first  charge  was 
carried  out.  Graphite  electrodes  after  the  first  cycle  were  grad¬ 
ually  heated  to  200  °C.  Decomposed  products  were  collected 


in  a  cold  trap  and  were  analyzed  by  GC-MS.  Gas  chromat¬ 
ographs  were  shown  in  Fig.  5.  EC  and  DEC  are  the  compo¬ 
nents  of  electrolyte  left  in  the  film.  DMC  is  the  solvent  for 
washing  electrode.  Significant  amounts  of  H20,  C02,  ethanol, 
ethylene  oxide  and  their  derivatives  such  as  dioxane  and 
acetaldehyde  were  found  in  the  decomposed  products.  The 
patterns  of  decomposed  products  were  fairly  similar  in  the 
different  electrolyte  systems.  In  addition,  from  the  TPD-MS 
observation  decomposition  products  such  as  ethanol,  ethyl¬ 
ene  oxide  and  its  derivatives  were  observed  to  be  mainly 
produced  in  the  temperature  range  from  50  to  200  °C.  On  the 
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Retention  time 

Fig.  5.  Gas  chromatograms  of  thermally  decomposed  products  from  graphite 
electrodes  after  the  first  charge. 


other  hand,  almost  none  of  those  organic  products  were  found 
from  the  decomposed  products  in  the  graphite  electrodes 
which  were  discharged  to  0.55  V  then  charged  to  1 .5  V  in  the 
electrolyte  systems,  with  the  exception  of  H20  and  C02. 
During  the  first  discharge  in  LiC104/EC-DEC  system,  eth¬ 
ylene,  C02  and  ethanol  were  detected  by  GC-MS. 

These  observations  may  confirm  the  formation  of 
R0C02Li,  (CH20C02Li)2  and  probably  ROLi  (R  =  Et  or 

•  CH3CH20C02Li 
A  (Li0C02CH2)2 


Fig.  7.  Depth  profiles  of  passivating  film  after  the  first  charge  in  various 
electrolyte  systems. 


Me)  in  the  main  film  formation  step  (from  0.55  to  0.2  V) 
mentioned  above.  The  existence  of  these  products  was  also 
supported  by  the  FT-IR  observations  of  film  components  as 
shown  in  Fig.  6.  The  IR  bands  from  600  to  1700  cm  - 1  indi¬ 
cate  the  existence  of  ROC02Li,  (CH2OC02Li)2  and  proba¬ 
bly  ROLi.  The  IR  band  around  2900  cm"1  corresponds  to  - 
CH  stretching  of  the  alkyl  group  [  10,17] . 

Based  on  these  observations,  we  propose  the  following 
film-forming  mechanism  on  the  graphite  surface  at  the  ‘main 
film  formation  step’:  (i)  the  one-electron  reduction  of  the 
solvated  lithium  cation  basically  occurs  on  the  surface  of 
graphite  to  produce  a  solvated  lithium  cation  radical  inter¬ 
mediate,  and  (ii)  the  intermediate  is  unstable  and  forms 
ROC02Li,  (CH2OC02Li)2  and  ROLi  (R  =  Et  or  Me)  on  the 
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Fig.  6.  FT-IR  spectra  of  formed  film  after  the  first  charge  to  1 .5  V  in  the  1  M  LiPF6/EC-DEC  electrolyte. 
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graphite  surface  together  with  the  decomposed  gaseous  prod¬ 
ucts  such  as  ethylene,  C02,  etc. 

Depth  profiles  of  elements  in  the  films  by  AES  are  shown 
in  Fig.  7.  In  the  electrolyte  systems,  the  carbon  content  near 
the  surface  of  films  was  lower  than  inside  the  film  layer.  On 
the  other  hand,  the  fluorine  content  near  the  surface  was 
relatively  higher  than  inside  in  the  case  of  LiPF6  and  LiTFSI 
systems.  Chlorine  was  observed  in  the  case  of  the  LiC104 
system.  R0C02Li,  (CH20C02Li)2  and  probably  ROLi 
formed  at  ‘film  formation  step’  may  partially  react  with  HF 
included  in  the  LiPF6  electrolyte  solution  to  form  LiF.  In  the 
LiTFSI  system,  LiF  was  found  in  the  film.  This  LiF  is  possibly 
formed  by  the  reduction  process  of  salt  [18],  Phosphorus 
and  sulfur  were  observed  in  the  LiPF6  and  LiTFSI  systems, 
respectively.  However,  it  is  difficult  to  recognize  whether  the 
decomposition  products  or  the  salt  itself  are  left  in  the  film 
since  the  quantity  produced  is  so  small.  Lower  discharge 
capacities  of  the  LiPF6  system  as  shown  in  Table  1  are  prob¬ 
ably  due  to  the  formation  of  LiF  which  has  a  high  resistance 
for  Li  ‘  migration. 


4.  Conclusions 

The  formation  of  a  passivating  film  on  the  surface  of  graph¬ 
ite  at  the  first  charge  is  a  very  important  process  in  the  lithium- 
ion  rechargeable  battery  to  allow  lithium  intercalation  to 
occur  smoothly  with  stable  charge  and  discharge  cycles.  The 
EC-DEC  solvent  system  is  one  of  the  best  electrolyte  systems 
for  this  purpose.  The  electrochemical  reactions  in  the  first 
discharge  process  may  occur  through  the  following  three 
different  steps:  (i)  ‘initial  film  formation  step’  from  1.4  to 
0.55  V,  (ii)  ‘main  film  formation  step’  from  0.55  to  0.2  V, 
and  (iii)  ‘lithium  intercalation  step’  from  0.2  to  0.0  V.  In 
step  (i),  a  small  amount  of  electrolyte  is  reduced  to  form 
inorganic  film-like  Li2C03.  Most  of  the  passivating  film  is 
formed  together  with  the  lithium  intercalation  reaction  in  step 


(ii).  The  passivating  film  formed  in  this  step  contains  a 
significant  amount  of  organic  film  such  as  EtOC02Li, 
(CH20C02Li)2,  etc.  Through  the  consecutive  formation  of 
passivating  film  at  steps  (i)  and  (ii),  the  lithium  intercalation 
reaction  into  graphite  is  able  to  proceed  smoothly  without 
further  decomposition  of  the  organic  electrolyte. 
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